Adsorption of eight organic molecules (acetone, acetonitrile, ammonia, benzene, methane, methanol, ethanol, and toluene) onto silicene has been investigated using van der Waals density functional theory calculations (DFT-D). The calculated values of the adsorption energies vary from −0.11 eV to −0.95 eV. Quantitatively, these values are higher than the corresponding adsorption energies of the molecules adsorbed on graphene. In addition, electronic structure calculations have been performed. The obtained values of the band gap range from 0.006 eV to 0.35 eV for acetonitrile to acetone, respectively. Furthermore, the effective mass of the electron is estimated and found to be comparatively small, which is expected to result in high electron mobility. In addition, we study the effect of Li atoms doped in pristine and acetone adsorbed silicene. In particular, we focus on the variation of the adsorption energy with respect to the number of Li atoms in the systems. Our results suggest new approaches for the use of silicene molecular-based energy storage and conversion as well as electronic devices.
I. INTRODUCTION
for hydrogen molecule adsorbed graphene, which is sufficient to realize the spin Hall effect.
Recently, the molecular adsorption and its effects on graphene have been studied in both experiment and theory. 26 Inverse gas chromatographyhas been used to investigate the adsorption energies and enthalpies of molecules onto graphene. Excellent agreement between experiment and computational approach has been demonstrated. This kind of study is key for understanding graphene's potential for energy storage applications as well as molecularbased graphene devices. To the best of our knowledge, studies of the adsorption of molecular species onto silicene have not been reported. In this paper, we address the issue of the adsorption of molecules onto silicene. Specifically, we investigate acetone, acetonitrile, ammonia, benzene, methane, methanol, ethanol, and toluene adsorbed silicene. In particular, the structural and electronic properties are addressed to quantify the adsorption energy and the effect on the electronic structure. In addition the effective mass of the electron has been estimated and indicates larger mobilities in these systems. Furthermore, the effect of doping
Li atoms in pristine and acetone adsorbed silicene is addressed. In particular, the variation of the adsorption energy with the number of Li atoms has been focused. Our results show that the systems under consideration are promising for tuning the band gap and hence could have great potential for silicene based devices.
II. COMPUTATIONAL DETAILS
Unless otherwise noted, all the calculations were performed using density functional theory (DFT) within the generalized gradient approximation in the Perdew, Burke, and Ernzerhof parametrization 27 as implemented in the PWSCF code. 28 We include the van der Waals interaction (DFT-D) in order to achieve an accurate description of the dispersion. 29 A high plane wave cutoff energy of 816 eV and a Monkhorst-Pack 24 × 24 × 1 k-mesh were used for all the structures under consideration. A 4 × 4 × 1 supercell of silicene with a lattice constant of a = 15.44Å was employed. In addition, a vacuum layer of 20Å was used in order to avoid artificial interactions due to the periodic boundary conditions. The supercell contains 32 Si atoms and a single molecule (acetone, acetonitrile, ammonia, benzene, methane, methanol, ethanol, and toluene) adsorbed on it. Based on the similar kinds of the modelling in graphene, this supercell is sufficient for our calculations. 26 The adsorption density is low enough such that interaction between the molecule and its periodic images is prevented. Atomic positions were optimized until all forces had converged to less than 0.001 eV/Å.
III. RESULTS AND DISCUSSION
A. Structural Description The structures under consideration are illustrated in Fig. 1 (a-h) . Note that three possibilities adsorption sites are considered for the calculations, which are categorized as the molecule being on top of a Si atom, on top of Si−Si bonds, and on the hollow site. The energetically most favourable cases are studied, which are listed in Fig. 1 with the corresponding energies presented in Table 1 . In addition, we have checked the other possibilities by rotating the molecule and find that the rotated structures are energetically less favourable. It is found that most of the molecules prefer to attach on top of Si atoms, while benzene and toluene prefer to attach on the hollow site, see Table 1 . The averaged perpendicular distance between the Si atoms called buckling (∆), the hexagonal angle between Si to the next Si to the next atom (θ), and Si−Si bond lengths are hugely modify after adsorption of the Table 2 . Similarly, the angle and Si−Si bond lengths as a result of adsorption of the molecules and are found to be 112-119
• to 113-117
• and 2.26-2.36
A to 2.26-2.29Å for acetone to toluene, see Table 2 . These values are in good agreement with transition metal doped silicene with and without substrate. and molecules varies from 3.04Å to 3.41Å, similar to experimental and theoretical reports for graphene. 26 The fact is that the modification in the structural parameters and local distortion greatly influence the electronic properties as well as the chemical reactivity of the silicene. for the systems under study. Our structural analysis shows that in some cases adsorption results in major, but in some cases only in minor changes in the shape of the adsorbed molecule as well as that of the host silicene sheet. This can have strong effects on the adsorption energy. The adsorption energy of the molecules on silicene is calculated as E ad = (E molecule + E silicene ) − E total , where E molecule is the total energy of the isolated molecule, E silicene is the total energy of a 4 × 4 × 1 pristine silicene supercell, and E total is the total energy of the molecule adsorbed silicene.
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The obtained values of E ad for the different molecules on silicene range from −0.083 eV to −0.949 eV, as summarized in Table 1 . The calculated data for the E ad shows that methane is weakly adsorbed, while toluene is far more strongly adsorbed than all other systems under study. Theoretically, the adsorption energy of ammonia on graphene has been reported to be 0.11 eV 34 ; this value is approximately four times lower than ammonia adsorbed on silicene.
This indicates that silicene is an extremely good candidate compared to graphene to detect or sensor harmful gases, like ammonia. In general our data for the adsorption energy shows that these molecules are more strongly bound to silicene as compared to graphene and hence silicene could be the better host material for these molecules, which makes it a potential candidate material in sensor as well as electronic device applications.
C. Electronic structure It is well known that silicene is a narrow gap semiconductor, where the p z and p * z orbitals give rise to π and π * ands forming Dirac cones at the K and K ′ points. In order to check the influence of the different functionals on the electronic structure, in particular the band gap at the K point, the electronic structure of pristine silicene has been calculated with three different approaches; (i) DFT-D, (ii) optB88-vdW functional, and (iii) the GW approximation using the VASP package 35 , see Fig. 2 . Here "opt" is the the optimised exchange functionals 36 , G refers to the one-electron Greens function, and W refers to the screened Coulomb interaction, and their product "GW" is the quasi-particle self-energy corrections methods. 37 It is found that the band gap is 1.92 meV, 1.95 meV, and 1.99 meV by using DFT-D, the optB88-vdW functional, and the GW approximation, respectively. The obtained result agrees well with the available reports 38, 39 and hence in the following only the DFT-D calculations have been taken into account. Modifications in the electronic structure can be achieved by applying strain/electric fields 8,12 , and doping. 23 However, the impact of molecular adsorption on the electronic structure has not been explored. The electronic structure of the systems under consideration are illustrated in Fig. 3 . The electronic structure of acetone adsorbed silicene is strongly modified resulting in E gap = 0.351 eV, see Fig. 3(a). This gap opening can be attributed to the strong structural distortion, which breaks the structural symmetry. Such a modification has also been found in case of the transition metal decorated silicene. 9,23 Due to the significant band gap as compared to pristine silicene, the system is expected to be of potential use for electronic device applications such as field effect transistors. The band gap can be further increased by the application of an electric field such that the system could be promising for opto-electronic devices. Due to the weak interaction between silicene and acetonitrile, a small band gap of 0.006 eV is achieved, see Fig. 3(b) , which is still about 4 times higher than that of pristine silicene (∼ 1.9 meV).
In case of ammonia adsorbed silicene, a band gap of 0.103 eV is obtained, see Fig. 3(c) .
The fact is that silicene is locally distorted around the ammonia adsorbed areas. The band structure of benzene adsorbed silicene is addressed in Fig. 3(d A clear trend is observed between the band gap opening and the adsorption energy. While the correlation between band gap and adsorption energy is not perfect, we note that stronger adsorption provides a larger band gap opening and weaker adsorption provides a smaller band gap opening, which can be clearly seen from the data presented in Fig. 4 , where Q, ǫ 0 and a are the Löwdin transferred charge, vacuum permittivity, and silicene lattice constant, respectively. Previous theoretical calculations already demonstrated that the band gap of silicene/germanene increases linearly with increasing external electric field 43 . In our calculations we find that the largest amount of the charge transfer (0.483 electron) from the adsorbent to silicene provides the highest value of the band gap (for acetone adsorption), and the smallest amount of charge transfer (0.004 electron) for methane induces a minimal value of the band gap, see Fig. 4(B) . The calculated values of the charge transfer are summarized in Table 2 . Moreover, the obtained value of the band gap can be enhanced by applying an electric field, which is relevant for the design of molecular based electronic devices. Experimentally, molecular based electronic devices, in particular field effect transistors, have already been designed for molecular oxygen adsorbed graphene 46,47 and fluorinated graphene 48 and hence it is expected that molecule adsorbed silicene would also be useful to construct silicene based devices such as field effect transistors.
D. Quantitative analysis: Effective mass and mobility
The energy dispersion relation for the gapped 2D systems, where charge carriers behave as massive Dirac fermions, graphene and silicene for example, can be obtained
F . The ± represents the conduction and valence bands, k x and k y are wave vectors along the x-and y-directions, and m * e is an effective mass of the electrons. It is calculated as m * e = E gap /2v 2 F , where E gap is the band gap and v F is the Fermi velocity, which is 1.3 × 10 6 ms −1 for pristine silicene. 50 It has been demonstrated that the layer-layer interaction is the key factor in order to control/tune the band gap in graphene systems, however, the value of the m * e is enhanced largely as a function of the increment in the band gap, which has poor performance for device application because of smaller mobility. Therefore, it is necessary to keep the value of m * e as small as possible. 51 The calculated values of the effective mass of the electron are found to be 0.001 m e to 0.166 m e , see Table   2 . These values are significantly smaller as compared to doped graphene 51 and double-gate graphene nanoribbon field-effect transistors. 52 Hence, doped silicene would provide larger mobility, which is good for the device performance. Interestingly, it is observed that the smaller effective mass for the molecule having smaller adsorption energy and vice-versa.
The electron mobility can be evaluated as µ = eτ /m * e , where τ is the momentum relaxation time. At this point, the exact value of τ is unknown and hence it is not possible to estimate the exact value of µ. However, the smaller values of the effective mass of the electron ensure that the µ in the doped silicene systems should be very high, even higher than those in the case of graphene and its derivatives.
E. Effect of Li doping on pristine versus acetone adsorbed silicene
In this section, we explore the effect of Li atom doping in pristine silicene and in acetone adsorbed silicene. We start from single Li atom doping in one of the hollow sites, see the prototype structures in Figs. 4(a) and (b) . We chose acetone adsorbed silicene because the Number of Li atom It has been predicted that Li doped monolayer/bilayer graphene supported by the SiC substrate can have high potential to construct nano-scale Li-ion batteries. 53 Similarly, Li doped silicene can also be a potential candidate for Li-ion batteries. 53 The lack of structural distortion discussed above is a significant factor here also, since structural reconstruction with Li motion during charging/discharging is undesirable. The adsorption energy of single
Li atom doping in acetone adsorbed silicene is found to be −3.05 eV, higher than for Li doped pristine silicene.
This indicates that the acetone molecule has a significance influence on the adsorption of 
IV. CONCLUSION
In conclusion, using van der Waals density functional theory (DFT-D), the structural and electronic properties of acetone, acetonitrile, ammonia, benzene, methane, methanol, ethanol, and toluene adsorbed silicene have been studied. The obtained values of the adsorption energy vary from −0.11 eV to −0.95 eV for acetone to toluene, respectively. These values are higher than those for similar molecules adsorbed graphene, which indicates that silicene could be a better candidate as compared to graphene to detect the organic molecules and hence to tune the electronic properties. In addition, band structure calculations were performed. The calculated band gaps range from 0.006 eV to 0.35 eV for acetonitrile to acetone, respectively. Furthermore, the gap can be enhanced by applying an electric field, which, indeed, could be potential to design the molecular based electronic devices. Our calculated values of the effective mass of the electron are found to be smaller as compared to the graphene counterpart and hence we expect larger mobility, which should be of great importance for silicene-based electronic devices. In addition, the effect of Li atoms in pristine and acetone adsorbed silicene is discussed. 
